Potato virus Y (PVY) belongs to the largest plant virus family,
Potyviridae. The most common PVY strains affecting potatoes are differentiated by reaction on potato (Solanum tuberosum L.) and tobacco (Nicotiana tabacum L.). Several strains of PVY are known. PVY O (the "ordinary" strain) is ubiquitous among potato production areas, causing mild to severe mosaic symptoms, depending on the cultivar. This PVY strain was first classified in 1931 (31) and has recently become epidemic throughout the United States (7) . The widespread nature of PVY may be largely due to potato cultivars being grown that do not express symptoms of the disease, compromising seed certification and regulatory inspections (7) . PVY C induces stipple streak symptoms in potato cultivars bearing the Nc gene. PVY Z overcomes resistance genes effective against both PVY O and PVY C (10, 12) . In the 1950s, a new tobacco veinal necrosis strain of PVY (PVY N ) was found in Europe and South America and has since spread worldwide, eventually being detected in North America in 1990 (15, 28) . PVY N is frequently symptomless or produces mild to severe mosaic symptoms in potatoes along with severe veinal necrosis and leaf death in tobacco. Nonetheless, several reports have associated PVY N with yield and quality losses in resistant or symptomless potatoes (7, 9) . A variant of PVY N , termed PVY NTN , includes isolates that cause potato tuber necrotic ringspot disease (PTNRD) and belong to the necrotic group (N) of PVY based on serology and the ability to induce veinal necrosis symptoms in tobacco (13, 35) . PVY NTN was first observed in Hungary in the late 1970s (1) , and more recently in many potato production areas worldwide, including North America in 1993 (16) . PVY NTN isolates can cause severe chlorotic mosaic symptoms on potato leaves in addition to PTNRD. PTNRD is characterized by the appearance of external rings on the surface of tubers. Initially these rings protrude, later becoming sunken and necrotic with symptoms growing more pronounced during storage. The disease reduces tuber quality, with the necrotic symptoms rendering affected tubers unsuitable for fresh market, processing, or seed. A major difficulty in screening for PVY isolates that cause tuber necrosis is that they cannot be distinguished from PVY N using current serological methods (33, 34) .
More recently, isolates resembling PVY N in tobacco, which are serologically related to PVY O , have been reported. For instance, PVY N -Wilga was first described in 1991 in Europe, along with isolates I-L56 and I-136, both isolated in 1992 in North America (3, 18, 19 (8) . By targeting three major recombinant junctions in the genome of Eu PVY NTN , a multiplex reverse transcription-polymerase chain reaction (RT-PCR) assay was developed (22) . Separate primer pairs were designed to bind to the recombinant junctions located at the HC/Pro-P3 gene region, the 6K2-NIa gene region, and the C-terminal region of the coat protein (CP) gene (22) . Recombinant isolates sharing a PVY O coat protein have become common in certain regions of North America and are presently referred to as PVY N:O (5, 25, 30) . In the absence of full-length sequences, only one recombination junction site has been found to exist in PVY N:O isolates at the HC/Pro-P3 region using the multiplex RT-PCR assay (22) . The PVY N:O recombinant isolates studied so far, along with PVY N -Wilga, have not been shown to induce tuber necrosis symptoms in potato (22, 30) .
The diagnosis of tuber necrosis-inducing isolates of PVY has become difficult due to the increasing numbers of recognized isolates and the incidence of mixed infections. Numerous efforts have been initiated to characterize PVY isolates using an RT-PCR assay targeting specific areas of the genome (2,20,21,36). The P1 gene region has been proposed to be the least conserved region among potyviruses (6) and also within strains of PVY (14) . An RT-PCR assay, based on sequence variation within the P1 gene, has allowed PVY isolates to be initially categorized as either PVY O (22) . The objective of this study was to characterize and differentiate field isolates obtained from various potato production regions in the United States. Further, we wanted to assess the PVY population and to determine the frequency with which isolates group into the current classification of PVY strains based on a combination of enzyme-linked immunosorbent assay (ELISA), RT-PCR, and bioassays, and to determine the extent and relative importance of PTNRD-producing isolates.
MATERIALS AND METHODS

PVY isolates.
A total of 193 tuber and leaf samples were collected from fields originating in Idaho (ID), Minnesota (MN), North Dakota (ND), Nebraska (NE), Nevada (NV), Oregon (OR), and Texas (TX), during 2001 to 2003. Samples were generally collected by one of the authors or at their request (N. C. Gudmestad). Leaf samples submitted to our laboratory of unknown origin were labeled "Unk". All original samples were tested initially using serological and RT-PCR assays and then stored as freeze-dried leaf tissue at −80°C. Of the 193 original samples, 58 were further selected based on serological properties, molecular analysis, and representative geographic region to be multiplied in tobacco cv. Samsun and subsequently characterized using serology, RT-PCR, and bioassays (Table 1) . A sample of the infected tobacco tissue also was stored as freeze-dried leaf tissue at −80°C.
Serological identification of viral isolates. Compound direct ELISA was conducted on the 193 PVY isolates using either the original potato leaf tissue or the fresh infected tobacco leaf tissue to corroborate PVY infection and to serologically identify the isolates using three PVY monoclonal antibodies distributed by Agdia (Elkhart, IN). Monoclonal antibody 4C3 is a general antibody that detects all PVY isolates (PN 20001), MAB2 is a monoclonal antibody specific for PVY O+C (PN 20600), and monoclonal antibody 1F5 is specific for PVY N (PN 26001). A Potato virus X (PVX) ELISA (PN 10000) also was conducted to rule out synergistic interactions, which could result in necrotic symptoms in tobacco bioassays (29) . All reagents were obtained from Agdia, and the assays were carried out in triplicate according to manufacturer's instructions. Samples were considered positive if they produced an absorbance value twice the standard deviation of the healthy control.
Total RNA extraction. Total RNA was extracted either from original potato leaf or tuber tissue or from infected tobacco leaf tissue with the RNeasy Plant Mini Kit (Qiagen, Valencia, CA). Leaf and tuber tissue were ground in liquid nitrogen with an oven-baked (240°C for 4 h) sterilized mortar and pestle. A sample of the powdered tissue (approximately 100 mg) was extracted for total RNA according to the manufacturer's instructions. Total RNA was eluted in 50 µl of RNase-free water and centrifuged for 1 min at 8,000 × g. The resulting RNA was stored at -80°C.
RT-PCR. Four microliters of concentrated total RNA extract was diluted with 6 µl of RNase-free water to reduce nonspecific amplification (30) Separate duplex, triplex, and recombinant point RT-PCRs were carried out using primer sequences and reaction conditions previously reported (21, 22) . Duplex PCR for distinguishing PVY O from PVY N/NTN isolates was performed using 5 µl of cDNA mixture in a final volume of 25 µl containing 1× PCR Buffer (Qiagen), 3 mM MgCl 2 (Qiagen), 4 mM each dNTP (Roche), 0.5 µM S6 and S7 forward primers, 1 µM reverse primer A, and 1 unit of Taq DNA polymerase (Qiagen). A triplex RT-PCR using forward primers S3, S5, and S6 and reverse primer A was carried out to confirm North American (NA) PVY NTN identity, using the same reagent concentrations listed above (21) . Each isolate categorized as PVY N/NTN was further subjected to a multiplex PCR to determine if any of the three known recombination junctions were present within the genome. Again, 5 µl of cDNA mixture was added to the recombinant point PCR mixture, which contained 1× PCR Buffer (Qiagen); 3 mM MgCl 2 (Qiagen); 4 mM each dNTP (Roche); 2 µM each of Sn, S 5585 , and S 9133 forward primers; 2 µM (16, 18, (20) (21) (22) (23) 26, 27, 30, 36) .
Potato plants 15 to 20 cm tall with 8 to 10 fully developed leaves were mechanically inoculated with PVY-infected tobacco leaf extracts as described previously. Plants were monitored for foliar symptom development characteristic of PVY (mosaic, veinal necrosis, and leaf necrosis), and approximately 70 to 90 days postinoculation, potato tubers were harvested and rated for PTNRD symptoms immediately and after 2 to 6 weeks of storage in the dark at room temperature. All tobacco and potato plants mechanically inoculated were tested approximately 3 to 4 weeks after inoculation by both the duplex and recombinant point RT-PCR to confirm infection status.
RESULTS
Serological identification of viral isolates.
Of the 193 isolates, 135 were tested by ELISA using only the original potato leaf tissue. The remaining 58 isolates were tested using both the original potato leaf sample and the infected tobacco leaf tissue, with identical results. All of these samples tested for PVX by ELISA were negative for PVX infection. After confirming that the samples were infected with PVY using universal monoclonal antibody 4C3, the corresponding leaf samples were further tested by specific PVY monoclonal antibodies, MAB2 and 1F5, to differentiate PVY O+C and PVY N infection, respectively. Based on antigenic specificity, the field isolates produced three differential responses to these PVY antibodies as depicted for representative PVY isolates (Table 2) . Eighty-six percent (166 of the 193 isolates) were detected by monoclonal antibody MAB2 ( (Table 3) . A more detailed characterization of the PVY N/NTN group (183 isolates) was accomplished through detection of three potential recombination junction sites, which have been found within recombinant molecules of various PVY isolates. Primer pairs Sn/Ao, S 5585 /A 6032 , and S 9133 /A 9422 produced amplified products of 290, 448, and 641 bp corresponding to recombinant junction sites at the C-terminal region of the CP gene, the 6K2-NIa gene region, and the HC/Pro-P3 gene region, respectively (Fig. 2) . This allowed specific differentiation of the PVY N/NTN field isolates into several PVY pathotypes including recombinant isolates, PVY (Table 4 ). The remaining PVY N/NTN field isolates were further divided based on the number of recombination junctions present within the genome based on the three known junction sites, according to the recombinant point RT-PCR. A total of 24 field isolates (12%), including isolates MN-2, Unk-1, Unk-2, Unk-4, Unk-5, Unk-6, Unk-7, Unk-8, and Unk-9, contained recombination junction sites at HC/Pro-P3, 6K2-NIa, and the Cterminal region of CP gene (Tables 3 and 4 ). According to previous reports, isolates containing these three recombination sites have been categorized as being of European origin (22) . The largest group, and perhaps the most prevalent, were field isolates that contained only one of the three known recombination junctions. A total of 158 field isolates were shown to produce the 641-bp product (Table 3) , corresponding to the HC/Pro-P3 gene region junction site. Only one PVY N/NTN field isolate (NE-11) did not contain any of the three known recombination junction sites, similar to the nonrecombinant control isolate Tu 660 ( (21,23). However, field isolate NE-11 only produced a single product of 443 bp. In the absence of a full-length nucleotide sequence, results of the RT-PCR assays can only indicate that NE-11 most closely resembles the NA PVY NTN isolate, based on serology, bioassay, and the lack of recombination junction sites depicted in the recombinant point RT-PCR assay ( Fig. 3 ; Table 4 ). The remaining PVY N/NTN field isolates (183 total) were screened using the triplex RT-PCR but produced the 443-bp product along with a 745-bp product, indicating a relationship to Eu PVY N/NTN (Table 3) . Biological characteristics of viral isolates on tobacco and potato. Of the 58 PVY field isolates transmitted to tobacco, 11 isolates (including the control isolate PVY O -139) produced a mild mosaic symptom that affected all new growth ( Fig. 4A; Table 4 ). This phenotype is in agreement with serological and molecular data, identifying the 11 isolates as PVY O . The remaining 47 field isolates induced varying degrees of leaf necrosis ( Fig. 4B ; Table  4 ), including veinal necrosis, severe stunting of the plant, and leaf death indicative of PVY N . These isolates had been categorized as belonging to the PVY N/NTN group by the duplex RT-PCR, even though they had mixed reactions by ELISA and were found to contain varying numbers of recombination junction sites depicted in the recombinant point RT-PCR assay (Table 4) .
Thirteen field isolates and one control isolate (Tu 660) transmitted from tobacco to potato produced PTNRD symptoms (Table 4) . Ten of the PTNRD-inducing isolates produced typical external rings that were swollen and raised immediately after harvest but became sunken and necrotic after being stored at room temperature for 2 weeks (Fig. 5A and B) . Of these 10 typical PTNRD-inducing isolates, eight (MN-2, Unk-1, Unk-2, Unk-4, Unk-5, Unk-6, Unk-8, and Unk-9) contained the three recombination junction sites detected by the multiplex RT-PCR assay. The remaining two isolates (NE-11 and control isolate Tu 660) did not possess any of the known recombination sites detected by the RT-PCR assay (Table 4 ). The remaining four PTNRD-inducing isolates (MN-1, ND-25, OR-1, and NV-1) did not produce the typical external ring pattern, instead they produced a roughly circular, sunken necrotic lesion on the surface of the tuber (Fig.  5C ), which was evident at the time of harvest. These four isolates contained only one of the known recombination junction sites and could be considered PVY N:O recombinants because of their serological relationship to PVY O and their ability to induce necrotic symptoms in tobacco but differ in that they are able to produce PTNRD symptoms (Table 4 
DISCUSSION
PVY is a diverse virus species. Efforts to logically separate and classify PVY isolates into pathotypes or strains has proven to be challenging. With recent reports demonstrating the existence of various PVY pathotypes in North America based on both molecular and biological properties (5, 25, 30) , our efforts have been focused on determining the pathogenic nature of these isolates with respect to the induction of PTNRD. The goal of this research was to characterize and differentiate PVY field isolates obtained from various potato production regions in the United States. Further, we wanted to assess the PVY population to determine the frequency with which field isolates group into the current classification of PVY strains and to distinguish field isolates that are able to induce PTNRD. Results from our studies clearly demonstrate limitations of the current PVY classification system with respect to tuber necrosis.
We the typical classification scheme by ELISA using monoclonal antibodies 4C3 and MAB2, inducing only mosaic symptoms on cv. Samsun tobacco and producing the 281-bp RT-PCR product of the P1 gene. All of these results are indicative of PVY O (15, 21) .
Formerly, all PTNRD-inducing isolates were combined under a single category known simply as PVY NTN , independent of geographic origin or genomic structure. The prerequisites for classification of PVY NTN were to be serologically related to PVY N and to induce PTNRD symptoms in potatoes. Recently, a combination of RT-PCR assays utilizing sequences within the 5′-untranslated region, P1 gene, and known recombination junction sites of the PVY genome has led to the separation of isolates recovered from Europe from those isolated in North America (21, 22) . Our research corroborates previous reports of isolates categorized as NA PVY NTN possessing a nonrecombinant genome based on RT-PCR as opposed to the recombinant Eu PVY NTN group (22 (4, 32) and may constitute 90% of the total PVY N population in Europe (4, 11) . A majority of our field isolates that were fully characterized by serological, molecu- Our findings agree with those reported in Europe and in North America (30) (24) .
Recombinant PVY N:O field isolates also were found within the same potato production regions as field isolates that did not produce PTNRD symptoms using our assays. Because of this biological characteristic, these field isolates more closely resemble the PVY N -Wilga and isolates I-L56 and I-136 (3, 17, 19) . These isolates (including PVY N -Wilga, I-L56, and I-136), along with the PTNRD-producing PVY N:O recombinants, are all identical based on current serological and biological testing procedures. It would be advantageous to analyze the genomic structure of these two groups of isolates at the nucleotide level to determine the portion, or portions, of the genome responsible for tuber necrosis. Because such great diversity is found just within the United States alone, it will be very difficult to categorize and detect all PVY NTN isolates, independent of their geographical region and genomic structure. In the absence of a single diagnostic tool that is capable of unambiguously differentiating all isolates of PVY, it is likely that isolates of PVY N:O and PVY NTN will continue to increase in occurrence throughout North America. Thus, PVY management in North America should emphasize reduction of PVY inoculum irrespective of the pathotype involved.
